Every day, people around the world rely on intermittent and indwelling urinary catheters to manage bladder dysfunction, but the potential or actual harm caused by these devices is well-recognised. Current catheter designs can cause urinary tract infection and septicaemia, bladder and urethral trauma and indwelling devices frequently become blocked. Furthermore, the devices can severely disrupt users' lives, limiting their daily activities and can be costly to manage for healthcare providers. Despite this, little significant design innovation has taken place in the last 80 years. In this article current catheter designs and their limitations are reviewed, common catheter-associated problems are outlined and areas of design ripe for improvement proposed. The potential to relieve the individual and economic burden of catheter use is high.
Introduction
When normal bladder emptying is not possible because of injury, disease, surgery or neurological conditions, for example, multiple sclerosis or spina bifida, a urinary catheter may be required. A catheter is a hollow, usually flexible tube of latex, polyvinyl chloride (PVC) or silicone that allows drainage of urine from the bladder or, less commonly, instillation of fluid into the bladder. There are two main types: indwelling catheter (IDC) ( Figure 1 ) and intermittent catheter (IC) (Figure 2 ). An IDC remains in situ, with one end held in the bladder by a small balloon inflated with sterile water after insertion into the bladder; urine passes via a drainage tube either urethrally (urethral catheter (UC)) or suprapubically through a surgically created site in the abdomen (suprapubic catheter). The external end is attached either to tubing leading to a urine collection bag ( Figures 3 and  4) or to a manual catheter valve ( Figure 5 ). Collection bags allow continuous drainage and storage of urine until a convenient time for the user to empty the bag into a toilet or other receptacle. A catheter valve ( Figure 5 ) allows the user to keep urine stored in the bladder until they wish to open the valve for drainage. Individual IDCs remain in situ for varied periods from a few hours up to several weeks. By contrast, ICs are inserted via the urethra into the bladder and then removed once the bladder is drained. Intermittent catheterisation is typically performed by the individual or their carer multiple times per day to fully empty the bladder or just once a day if the user usually urinates into a toilet but has a post-urination residual in the bladder requiring daily clearance. 1, 2 Catheters have been used to manage the drainage of urine from the bladder for millennia. With the introduction of latex in the 1930s, Foley and Belnap designed a flexible, double channelled balloon IDC 3 (similar to devices still used today 4 ) heralding the integration of urinary catheters in healthcare. They are now one of the most commonly used (and over-used) medical devices. 2, 5 In an address at the bi-annual Innovating for Continence 2011, 6 leaders in the field of catheter research -Professors Feneley, Kunin and Stickler stated categorically that
The placement of the Foley [IDC] catheter in the bladder undermines the important defences of the urinary tract against infection. The morbidity induced in many elderly and disabled people undergoing long-term catheterization and the costs to health services of dealing with the problems are not acceptable in the twenty first century.
Despite the health issues related to IDCs, it must be noted that they can improve quality of life by allowing control over bladder drainage that other methods of management (e.g. absorbent pads) might not provide. 7 However, using these devices is associated with significant harm and can cause substantial distress for users. Physical risks (e.g. urinary tract infection (UTI) and potentially fatal blood borne infection (septicaemia) and increased risk of bladder cancer), lifestyle limitations (e.g. limited clothing choices, daily activities and sexual activity) and psychological factors (e.g. embarrassment and changes in self-perception) can all play a role in negatively impacting on users' quality of life. [8] [9] [10] [11] In addition, the management of frequent catheterassociated problems is resource intensive and a burden to the providers of community healthcare services. 12 Importantly, urinary catheters also have a broader . Encrusted 14-Ch latex catheter slit along part of its length to reveal mineral deposits that had blocked drainage after 27 days in situ.
health and societal impact as one of the leading causes of healthcare-associated infection and associated use of antimicrobials. 13 ICs avoid some of these risks (see Table 1 ) but are still associated with UTI. 16 This article is written from the author's perspective as a nurse and healthcare researcher and introduces the clinical uses of catheters and the benefits and adverse effects related to current designs, with an appeal to engineers for designs that may alleviate user harms, reduce use of health resources and improve users' quality of life. It presents an overview of why catheters are used, problems associated with catheters, current designs and the need for innovation.
Why are urinary catheters used?
Normal bladder filling and emptying is a coordinated function of somatic, parasympathetic and sympathetic nervous systems. 29 The bladder acts as a reservoir, storing urine (normally up to around 300-400 mL 30 ) until Table 1 . Indwelling and intermittent catheter-associated physical harms.
Physical harm
Indwelling catheters Intermittent catheters
Infection
The daily risk of acquisition of bacteriuria (bacteria in the urine) when an indwelling catheter in situ is 3%-7%. After 1 month, all users will have bacteria in their urine, which can develop into a urinary tract infection. 14 Reports of prevalence of symptomatic urinary tract infection vary, but long-term catheter users have significantly higher use of antibiotics than non-users. 17 Reports of prevalence of urinary tract infection vary, but one literature review found that most users will experience UTI symptoms at least annually, with some having multiple UTIs each year. 16 
Blockage
Quarter to a half of indwelling UC users regularly (monthly or less) experience catheter blockage ( Figure 6 ). 18 This can be caused by different events: Encrustation from crystalline deposits
Encrustations are due to urease-producing bacteria, primarily Proteus mirabilis within the UC that elevate the urine pH leading to the formation of crystalline biofilms composed of struvite (magnesium ammonium phosphate) and apatite (calcium phosphate). 19, 20 It has recently been demonstrated that after as little as 4 days after exposure to P. mirabilis, the entire surface of both silicone and hydrogel coated latex catheters were coated with diffuse crystalline deposits. 21 Bladder mucosa can be sucked into and obstruct the device eye.
Debris (e.g. mucous, blood clots) can block the eye or tube.
Not applicable

Bypassing/leakage
Bypassing -around 40% of users regularly experience bypassing, where urine leaks around the external lumen of the UC. 18 Causes of bypassing include bladder spasm (contraction of the detrusor muscle which can be triggered by the catheter, a UTI or other underlying cause), catheter blockage or opening of bowels to pass stool. 22 
Not applicable
Pain
Pain is reported by around one quarter of users 22 and can be caused on insertion while the device is in situ or on removal. 23 Common causes include meatal (the opening of the urethra) or urethral trauma (see below), bladder spasm and blockage Pain can be caused on insertion or removal (often linked to the device 'sticking' to the urethra or being obstructed) is reported by patients and can be a barrier to IC use. 24 Meatal (opening to the urethra) and urethral trauma For urethral indwelling catheters: meatal (opening to the urethra) and urethral trauma can be caused on insertion, removal or while the device is in situ. 25 Reasons for trauma include the inflation of the balloon while in the urethra (it should be in the bladder), incomplete deflation of the balloon before removal, accidental removal of the device (this can be a particular problem for people with cognitive impairment), use of a catheter with unnecessarily large diameter and inadequate support given to the external portion of the catheter (plus urine collection bag).
Urethritis (inflammation of the urethra) and meatal and urethral strictures can occur. 16 Damage to bladder health Long-term UC use is associated with greater risk of bladder cancer 26 and bladder stones. 27 UCs have been shown to be associated with increased inflammatory markers (signs of tissue injury) in the bladder. 28 IC users are at greater risk of bladder stones than the general population but less than indwelling UC users. an appropriate time and place to urinate is found. The number of times a person urinates each day will depend on how quickly the kidneys produce urine and the capacity of their bladder. While filling, the bladder wall muscles are relaxed, allowing bladder pressure to remain low. As the bladder gets nearer to capacity, signals are sent via the nervous system to the brain to tell the person that they will need to urinate soon. Before the person urinates, there are three groups of muscles that work together to prevent leakage: the urethral muscles, the internal sphincter at the neck of the bladder and the pelvic floor muscles that support the urethra. When ready to urinate, their brain sends a signal via the nervous system to the detrusor muscle in the bladder wall to contract, increasing the internal pressure and at the same time, the sphincter and pelvic floor muscles relax to allow the flow of urine until the bladder empties. 31 
ICs
Some people cannot adequately drain the bladder either because the muscles or nervous system are not functioning properly (e.g. with multiple sclerosis or diabetes) or because there is an obstruction (e.g. enlarged prostate) meaning that either the bladder does not drain at all or there is a high volume of residual urine in the bladder post-urination. Long IC is used to manage incomplete bladder emptying as required. Using an IC requires the user (or a carer) to have dexterity, flexibility and good cognitive function to regularly perform the procedure safely.
2 IC use is considered preferable to having a long-term IDC as it avoids many of IDCassociated risks (see Table 1 ). It is important that IC is considered before IDC use is implemented and, in particular, age should not be a barrier to trialling IC use. 32 Intermittent devices are less common than indwelling devices in acute care 33 but can be used to manage short-term incomplete bladder emptying or to collect urine samples. 34 
IDCs
A long-term IDC can be used to manage bladder emptying problems if IC is not possible or acceptable. It can also be used for the management of urinary incontinence when the person cannot reliably store urine in their bladder until they reach a toilet either due to involuntary urine leakage or decreased functional ability (physical or cognitive). In should be noted that due to device-associated risks, IDCs should only be used to manage incontinence after other management strategies (e.g. absorbent pads) have been unsuccessful. 2 Shortterm IDCs (defined here as up to 30 days) are used (generally in acute care hospitals) for one of five main reasons: (1) to manage acute urinary retention (where the person is unable to pass urine), (2) to monitor kidney function by measuring the hourly output of urine, (3) to manage bladder drainage before, during and after some types of surgery (e.g. hip replacements or gynaecological), (4) to manage urinary incontinence in some circumstances (e.g. at the end of life or where skin has been damaged by urine leakage) and (5) to instil medication or irrigate the bladder. 34 Long-term IDCs are used in all environments but are more prevalent in nursing homes than with people living in their own homes. Prevalence increases with age, with an estimated 0.014% or 90,000 of UK population having an IDC, rising to 1.224% for people over the age of 80. 35 In middle-high-income countries, around 20% of hospital inpatients will have an IDC inserted during an acute care stay. 23, 36, 37 Boxes 1-3 contain scenarios illustrating how, over time and according to changing clinical need and personal preferences, different catheter types (IDCs or intermittent) might be used to manage bladder dysfunction.
How should catheters function and what are catheter-associated risks?
The role of a urinary catheter is to effectively manage bladder drainage while avoiding harm to the user. ICs are widely accepted to be preferable to IDCs, for a number of reasons: reduced risk of IDC-associated risks (e.g. blockage, bladder stones or damage to the bladder neck), greater freedom in clothing choices and activities due the lack of permanent extruding tubing and collection bag or valve, greater freedom of expression of sexuality and potential for reduced risk of UTIs. The functional specification differs between ICs and IDCs.
ICs
To be effective and avoid harming the user, an IC must have the following features: Box 1. Example long-term catheter user 1.
Mrs Jones is 48, works in an office and has progressive multiple sclerosis (a chronic disease that attacks the central nervous system and is gradually getting worse). She uses a wheelchair and has some problems with dexterity but manages to use an intermittent catheter. Multiple sclerosis means that Mrs Jones' bladder muscles do not work properly, her urine flow is poor and she cannot fully empty her bladder. Instead of urinating into a toilet, she inserts a disposable intermittent catheter four times a day to fully drain her bladder. When Mrs Jones' condition deteriorates and she will no longer be able to self-catheterise, she will either need a carer to help her or she will need an indwelling catheter. Ideally at this point, her physician or continence advisor will discuss the choice between a urethral and an SP catheter. This will probably be urethral initially but Mrs Jones may ultimately elect to have a suprapubic catheter.
Effectively drain the bladder, leaving minimal residual urine. Be comfortable, easy to handle for insertion and removal. These devices are often used multiple times per day and therefore ease and comfort of insertion is a priority. They should be easy to handle, not too slippery and rigid enough to insert, but compliant to conform to the body's anatomy and smooth to help avoid trauma. It is considered beneficial to minimise touching the catheter to reduce the risk of introducing infection from the fingers. 2 Be discreet and convenient. Devices should have minimum interference with daily life and be easily concealed when users are out at work or in public. 38 Minimise harms (infection, pain, trauma, damage to bladder health): these harms are summarised in Table 1. 14,15,17-22,24-28,39
IDCs
To be effective and avoid harm, an IDC (urethral or suprapubic) must have the following features:
Be easy and comfortable to insert -Long-term IDCs are replaced at least every 4-12 weeks (varying by country) and policies for short-term devices typically range between 1 and 4 weeks, with aseptic technique used to reduce the risk of infection. 2, 40 To avoid pain, trauma or the need for specialist equipment or staff, the device must go in easily and comfortably, with minimal friction. A lubricant is often used, particularly for men. In addition, the device needs to be rigid enough to be inserted, but compliant to bend with the body when in situ. Stay in place and not fall out, but be easy to remove when required -The internal end of the device must be held securely in place without damaging the bladder or the urethra and allow complete bladder drainage. When it is time for removal, the procedure should be simple and comfortable. Drain bladder effectively at low pressure, leaving minimal residual urine and not create a vacuum. If the catheter is filled with liquid and the internal end in the bladder is higher than the drainage bag, the negative pressure at the bladder end should not cause the bladder mucosa to be sucked into the catheter drainage eyes. Manage varying rates of drainage -Depending on urine production by the kidneys, the normal range of output ranges from 800 to 2000 mL per day at around 1 mL/min. Minimise harms (infection, blockage, leakage, pain, trauma, damage to bladder health) -Few catheter users will have a trouble free experience. 2 The main physical harms are summarised in Table 1. 14, 15, [17] [18] [19] [20] [21] [22] [24] [25] [26] [27] [28] 39 Maximise quality of life -Be easy to manage on a day-to-day basis: comfortable and causes minimal harm, easy to drain urine (e.g. drainage tap on a valve or collection bag is designed for a range of dexterity levels), minimal impact on daily activities (e.g. allows for different clothing designs, does not restrict movement or sleeping position, allows for sexual intimacy), easy to change drainage bag or valve and equipment is reliable. Be discreet -Many users put considerable effort into ensuring that their urinary catheter is hidden and use remains unknown to others. Fear of visible drainage bags (including under clothing) and the smell of urine can cause users major worry and reluctance to engage socially. The IDC and associated equipment need to be as inconspicuous as possible. 9 Minimise negative impact on self-esteem and identity -Many users report that they need to adapt to a new identity as an IDC user. 41 This is often linked to Mr Brown is 78, retired, lives with his wife and is a keen gardener. He has benign prostatic hyperplasia (prostate enlargement) that partially blocks his urethra so that his urine flow is poor and he is unable to fully empty his bladder. Medication has not helped him and other health issues mean that surgery is not an option. Mr Brown tried intermittent self-catheterisation but his bladder capacity to store urine was poor and he found that he leaked urine in between catheterisations when he coughed, sneezed or on exertion and he was getting up at night to pass small amounts of urine. Rather than self-catheterise and use absorbent pads, Mr Brown has decided to use an indwelling catheter with a valve. He has experienced frequent catheter blockage which is frustrating and timeconsuming and he finds catheter changes painful.
Box 2. Example long-term catheter user 2.
Mrs Singh is 89, is very frail, has recently fractured a hip and thought to be nearing the end of life. She lives in a nursing home, where she is cared for in bed. She is unable to get out of bed to use a toilet or commode, she finds bedpans difficult to use and, after discussions with her nurse, Mrs Singh has decided to have an indwelling catheter and not to use absorbent pads to manage her urine leakage as she finds pad changes painful. Her catheter continuously drains into a urine collection bag which is emptied by her carers. Mrs Singh is agitated because the catheter is uncomfortable and blocks frequently with mucous and sediment. She recently had a urinary tract infection and required antibiotics but the symptoms of irritation and discomfort remain.
two key factors: unpredictability of catheter problems causing disruption to daily living and drainage bags and tubing that are found to be bulky and conspicuous.
Today's designs, recent developments and limitations
Current urinary catheter designs fail to consistently meet these requirements. Understanding common design limitations and associated impact should guide the focus of future innovation. Materials. ICs can be made from PVC, silicone, latex, stainless steel or silver (for women only due to the lack of flexibility) or other materials. There are three main categories of IC: non-coated (often used with water or a lubricant to aid insertion), coated with a hydrophilic coating (activated by placing in water before use) and pre-lubricated (packaged to be used without any additional water).
1,2
Design features. Innovation has focused on reducing UTI and improving user satisfaction. The main approach to reducing UTI has been through the introduction of single-use devices with hydrophilic coatings. More evidence is needed on these devices as varying efficacy findings have been reported. 42, 43 Good catheterisation technique (hand-washing, minimising touch, using adequate lubrication) is thought to be the most important factor in reducing incidence of infection. 16 Attempts to improve user satisfaction have focused on increasing convenience, discretion and ease of handling. Examples include pre-lubricated products designed to remove the need for separate lubricant, catheters with attached urine collection bags, different shaped tips aimed at easier insertion (e.g. for a man with an enlarged prostate) and shorter than normal devices designed to be discreet and easily portable aids to insertion, such as penis holders, leg spreaders and labia holders, are also available and commonly used by people with dexterity or mobility issues. Re-usability. Traditionally, ICs have been re-used many times, but the introduction of hydrophilic coated catheters in the 1980s increased the availability of single-use products which are now commonly used in some countries, including the United Kingdom and United States. Some people use an IC once and then dispose of it, but others re-use the devices (generally uncoated devices) washing them in between. However, restrictions from federal medical device authorities and manufacturer's recommendations, have led to re-use being disallowed in some jurisdictions in the United States and Canada. Further evidence is needed on the implications of using single-use and re-usable products, including impact on UTI, cost and user acceptability. 2 
Indwelling urinary catheters
Overview. Typically, an IDC has two parallel channels: a drainage channel to remove urine and an inflation channel to allow the instillation of sterile water to inflate the balloon at internal end of the device. Some specialist devices have three channels, with the third used to instil fluid to irrigate the bladder (e.g. postoperatively to clear blood clots) or to administer medication into the bladder. Designs vary for male and female users to reflect differences in urethral length (around 4 cm for women and 20-25 cm for men), with IDC lengths of 40-45 cm for men and 25 cm for women available. The external diameter of a catheter is measured in Charrie´re (Ch) (or French gauge (FR)) -1 Ch equals 0.33 mm, therefore 12 Ch equals 4 mm. Catheters are widely available from 8 to 26 Ch, with between 10 and 16 Ch commonly used for men and between 10 and 12 Ch for women, with 12-16 Ch used for both sexes for suprapubic. 1 Choosing the smallest size that provides adequate drainage is thought to reduce urethral trauma. 2 The larger sizes (up to 26 Ch) are used if there is significant debris (e.g. blood clots) in the urine. 2 Balloon. The balloon holds the device in the bladder, with the catheter tip extending beyond the balloon containing a drainage hole (or eye) allowing urine to drain. The balloon is inflated using a syringe with sterile water inserted through a balloon port (next to the drainage port at the external end) to anchor the device in situ. The balloon generally holds 10 mL for adults and 2.5-5.0 mL for children, with larger balloons (up to 30 mL) sometimes used post-operatively. When it is time for removal, a syringe is used to withdraw the water and deflate the balloon. 2 Unwanted deflation (or semideflation) can occur allowing the device to fall out. Alternatively, if the catheter balloon material does not return fully to its original unstretched state, it can lead to the creation of a cuff (material protruding around the catheter shaft) which can cause urethral trauma when the catheter is removed. 44 The drainage eye is held a distance (equal to the balloon length) above the bladder neck allowing a reservoir of urine to remain undrained and the wall of the bladder can become sucked into the eye of the catheter, creating a vacuum and preventing urine from draining. Attempts to improve this design include a novel two balloon design that has an additional balloon on the tip of the catheter and the eye in between, designed to avoid the tip embedding into the bladder wall, thus reducing trauma and blockage. 45 However, the design might increase the size of the urine reservoir and does not avoid the issues with deflation. Alternatives include a design where the balloon contains the drainage port, both protecting the eye and avoiding the need for a catheter tip (Flume) but as yet remains untested. 46 Materials. Common materials for short-term IDCs are PVC, polytetrafluoroethylene (PTFE) or latex and for long-term IDCs are silicone elastomer-coated latex, hydrophilic polymer-coated latex and all silicone. 47 Without a device in situ, the urethra is mucosal and normally closed; there is no open path to the bladder. Devices provide a route for microorganisms to enter the bladder, gaining access either on the outside of the catheter lumen (by transfer when the catheter is inserted or from the perineum) or the inside (by reflux of contaminated urine) and a surface for the development of biofilm that harbours pathogens and develops into crystalline material leading to catheter blockage ( Figure 6 ). Attempts to reduce infection have largely focused on materials and coatings that prevent or disrupt biofilm development, in particular, silver coatings and antibiotic impregnation of materials. As yet, these methods have not been successful in reducing infection and are more costly than standard devices. 48 Recent innovations include an anti-adherent hydrogel copolymer with complementary hydrophobic drug-carrying and eluting capacities, 49 non-leachable anti-biofilm and antibacterial cationic film coatings directly polymerised from catheter surfaces 50 and impregnation of catheter materials with a combination of rifampicin, sparfloxacin and triclosan, 51 but any clinical efficacy is as yet unreported. In the absence of a design that prevents infection or the build-up of biofilm, recent developments in pH-responsive sensor systems might have potential to provide early warning diagnostics of imminent blockage. 52 A full review of innovations aimed at minimising infection and blockage is provided by Milo et al. in this special issue. 53 Drainage systems. Maintaining a closed drainage system is the only successfully clinically demonstrated method of reducing infection. 54 There are two drainage methods that can be used. First, the catheter can attach via tubing to an external urine collection bag and urine can continuously drain into the bag. The bag should always be supported to avoid pulling on the catheter and can be strapped to the body (usually thigh or lower leg) or can rest next to the user in a bed or hung on a nightstand next to the bed. The bag should be kept lower than the level of the bladder to avoid reflux of urine back into the bladder. A range of different sized urine collection bags are available from small bags (250 mL) that are less bulky and more discreet under clothing, through to large (2000-4000 mL) bags for use at night. The tubing can vary in length to allow the bag to be placed close to the catheter (e.g. when strapping the bag to the thigh) or longer when the bag is further from the body (e.g. being supported on a stand next to a bed). 1 Tubes and bags form the most conspicuous part of an IDC system and are difficult to keep hidden, particularly as the bag fills with urine. Tubes can kink or become trapped under users bodies causing temporary blockage. The external storage of urine can cause noticeable smell and is a persistent reminder of the UC. Tubing and bags can get in the way of daily activities and restrict mobility, impacting on quality of life. 9 Although there has been little recent innovation in design, a study reported in this special issue highlights the potential to substantially reduce the diameter and therefore bulk of the tubing without adversely affecting drainage. 55 Second, a manually operated valve can be attached to the external end of the catheter to be opened when the bladder needs draining and closed to allow the bladder to fill. Regular flushing of the IDC is thought to be beneficial both by washing out debris and biofilm and by more closely mimicking the normal physiology of the bladder, through cyclical filling and complete emptying. 56 It is believed, but not yet clinically demonstrated, that this process might reduce infection and blockage and improve bladder health. 28 Valve design has been developed in an attempt to increase the number of people able to manually operate a device. In addition to simple tap levers, more complex pinch valves are available. However, all manual designs require a degree of dexterity in addition to flexibility and cognitive ability. Valves that automatically open when the bladder reaches a set pressure are available, but these need to be used with a urine collection bag as emptying is not under the user's control and remain largely untested.
57,58
Areas for innovation
Clearly there is room to innovate and improve on existing designs. The ideal urinary catheter would effectively drain the bladder as required, maximise quality of life and be risk-free. Commentary on specific functional requirements is presented here.
ICs
The ideal IC would be easy to insert and remove, requiring minimal touch and not sticking to the urethra. The device should have a low-friction surface, ideally that can be used without additional lubricants, but be easy to handle, not slipping between the fingers when held. The device should fully drain the bladder but avoid causing trauma to the urethra or within the bladder. It should be rigid enough to insert but compliant to the body shape, particularly for men. Currently, in developed countries, ICs are designed and approved for single use and therefore may not be re-used. Designing a catheter that could be safely re-used could provide more choice, reduce cost and waste and might be more convenient for the user in some circumstances (e.g. when going on holiday). However, the re-use of any medical device would require effective cleaning methods that do not damage the catheter and that meet regulatory standards for re-processing.
IDCs
Inside the bladder. The design of the internal portion of the IDC should keep the device in situ, securely held in place to avoid accidental removal. At the same time, it needs to fully drain the bladder, leaving no more than a few millilitres of residual urine, but should not create negative pressure which can 'suck in' the bladder lining. It should effectively drain when the person is lying, sitting or standing, not allowing urine to leak between the catheter and the urethral wall. It should not irritate the bladder, extrude into bladder cavity or dig into bladder walls, damaging the urothelial lining and should be lightweight and low friction to avoid damaging the urethra or bladder neck. If a balloon is used to hold the device in situ, it should not leak and 'cuff' (forming a hard ridge that is difficult to remove). Crucially, the catheter should not provide a route (inside or outside the catheter lumen) for bacteria to gain access to the bladder.
Maintaining bladder function. It is likely that maintaining normal bladder mechanisms, with a filling and flushing process that avoids over-filling is beneficial. This mechanism could incorporate the body's sympathetic and parasympathetic mechanisms (the processes that link the brain to the bladder, prompting muscle relaxation or contraction for filling and emptying), keeping urine safely stored in the bladder until the user activates by contracting the bladder muscles at a convenient time. Designs should consider the benefits and potential risks for users with a range of cognitive and physical limitations. For example, for people with memory loss a device could prompt the user (or a carer) to activate emptying or for someone with limited dexterity a device that could be activated without the use of their hands.
Catheter changes. The IDC device should have a long life time to minimise the uncomfortable, often embarrassing, unpleasant, costly and inconvenient process of insertion and removal. When the device is changed, it should be easy and trauma free, with the procedure carried out either by the user or a non-specialist nurse or physician. To avoid costly and disruptive unplanned changes, the device should not block and should resist biofilm build-up. If blockage is unavoidable, then at least a 24-h, preferably 48-h, warning should be given to the user via a reliable sensor. This will allow for planned catheter changes, rather than inconvenient and costly unplanned changes.
Drainage. Ideally, catheters would allow urine to be stored in the bladder and be emptied as required (using a valve or other mechanism), avoiding the external storage of urine that has a negative impact on quality of life. If tubing and collection bags are unavoidable, they should be undetectable under a range of clothing and minimise impact on activities and movement. Tubing should not kink or be unnecessarily bulky. The catheter, tubing and bag should work together to facilitate drainage and prevent reflux.
Summary
The market for catheters is substantial (current global urinary catheter market valued at US$3.4 billion per annum 59 and competitive; therefore, the lack of innovation, particularly for indwelling devices, suggests that the task is difficult. Catheter users should be kept at the centre of innovation and any advances that will have the potential to change clinical practice must consider not only engineering and physics but also biology, psychology and economics. After 80 years of little innovation and thousands of people's lives affected by device limitations on a daily basis, investment into creative research to improve IDC design is surely long overdue.
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